Introduction
The bacterial flagellum, which is driven by a rotary motor with its base embedded in the cytoplasmic membrane, is a locomotive organelle that propels the cell body through liquid environments in response to favorable or unfavorable signals (Berg & Anderson 1973; Berg 2003) . The number and arrangement of flagella differ by species. Salmonella enterica, Escherichia coli, and Bacillus subtilis have peritrichous flagella; Vibrio cholerae, Caulobacter crescentus, and Pseudomonas aeruginosa have single polar flagellum; and Vibrio fischeri and Helicobacter pylori have multiple polar flagella. Vibrio alginolyticus and Vibrio parahaemolyticus possess dual flagellar systems. One system produces single polar flagellum and the other produces peritrichous, lateral flagella that are used for swimming in either liquid environments or on solid surfaces, respectively (Atsumi et al. 1992; Kawagishi et al. 1995; McCarter 2004) . The mechanisms by which these bacteria regulate the number and arrangement of their polar and peritrichous flagella are not fully understood.
The FlhF and FlhG proteins have been implicated in the spatial and numerical regulation of polar flagellum biosynthesis (Kazmierczak & Hendrixson 2013) . These two genes are well conserved in a number of bacteria with polar flagella, including H. pylori, V. cholerae, P. aeruginosa, and V. alginolyticus (Dasgupta et al. 2000; Niehus et al. 2004; Correa et al. 2005; Kusumoto et al. 2006) . Curiously, FlhF and FlhG are also found in B. subtilis, which has multiple peritrichous flagella (Guttenplan et al. 2013 ), but are absent in E. coli. FlhF and FlhG are highly homologous with the GTP-binding signal recognition particle (SRP) receptor FtsY and cell division inhibitor MinD, respectively, of E. coli (Leipe et al. 2002) . Interactions of FlhF with FlhG have been implicated in the precise spatial and numerical regulation of flagellar biosynthesis in bacteria such as V. alginolyticus and B. subtilis (Kusumoto et al. 2008; Bange et al. 2011) . Over-expression of FlhF resulted in an increased number of polar flagella, whereas disruption of FlhF (DflhF) prevented polar flagellar formation. Results with FlhG were opposite that of FlhF. The overexpression of FlhG (also referred to as FleN) prevented polar flagellar formation, whereas disruption of FlhG (DflhG) resulted in an increase in the number of flagella at the cell pole (Correa et al. 2005; Kusumoto et al. 2006; Murray & Kazmierczak 2006) . V. cholerae FlhF has also been reported to positively affect the expression of class III flagellar genes (Prouty et al. 2001) . Therefore, FlhF and FlhG are essential for positive and negative control of flagellar number and arrangement in a wide variety of motile bacteria (Kazmierczak & Hendrixson 2013) .
The V. alginolyticus VIO5 wild-type strain produces a single polar flagellum, but lacks lateral flagella (Pof + Laf À ). Deletion of the flhF and flhG genes in VIO5 substantially reduced the size of the motility ring in a soft agar plate (Kusumoto et al. 2008) . Only 2% of the cells produced flagella. However, they were positioned laterally and not at the cell pole. Spontaneous suppressor mutants in the flhF or flhFG and deletion backgrounds were isolated that produced larger motility rings in soft agar plates . The two suppressor mutant classes, named DflhF-sup and DflhFG-sup, improved swimming ability, but the motility was weaker for the DflhF-sup mutant than for the DflhFG-sup mutant. Whole-genome sequencing of the DflhF-sup and DflhFG-sup strains showed suppressor mutations in a previously uncharacterized gene unlinked to the flagellar gene cluster (Kitaoka et al. 2013) . This gene was named sflA and its translated protein product contains a cleavable, N-terminal secretion signal sequence followed by a single transmembrane domain and a Cterminal J-domain (also referred as the DnaJ-domain) (Fig. 1) . DnaJ is known to interact with the DnaK (Hsp70) heat shock protein and works as a molecular chaperone involved in a variety of cellular metabolic pathways. DnaJ dramatically enhances the ATPase activity of DnaK (Greene et al. 1998) . The J-domain contains the tripeptide histidine, proline, and aspartic acid residues (HPD motif) that are conserved in the DnaJ protein family and are essential for interaction with DnaK (Hennessy et al. 2000) . The suppressor mutation in sflA of the DflhF motility defect resulted from an L293R amino acid substitution in the Jdomain. The suppressor mutation in sflA of the DflhFG motility defect resulted from a 9-amino acid extension of the C-terminal J-domain. We suggest that the cytoplasmic J-domain of SflA plays a critical role in preventing lateral positioning of flagellum assembly.
To elucidate how SflA might facilitate the spatial and numerical regulation of polar flagella in V. alginolyticus, we investigated the subcellular localization of SflA, by generating fusions of green fluorescent protein (GFP) or mCherry to SflA and examining their cellular localization by fluorescence microscopy. We also tested the effect of expressing the cytoplasmic C-terminal region of SflA (SflA C ) on the inhibition of flagellar formation. Furthermore, we tested the dependence of the polar localization of SflA on HubP, a polar landmark protein that anchors various proteins and served as one of the regulators of flagellar number via regulation of the amount of polar FlhG in some Vibrio species (Yamaichi et al. 2012; Takekawa et al. 2016) . Finally, we discussed how FlhF, FlhG, SflA, and HubP contribute for the spatial and numerical regulation of polar flagellum in Vibrio species. 
Results
The C-terminal region of SlfA suppresses the DflhFG-sup motility similar to full-length SflA
To investigate the functional region of SflA that affects flagellum assembly, full-length SflA and a His-tagged Cterminal region of SflA (SflA C ; SflA 209-325 with His-tag) were expressed from the plasmids in DsflA and DflhFG DsflA strains of V. alginolyticus (Figs 1,2) . We observed the motility of strains VIO5 (wild type), DsflA, DflhFG, and DflhFG DsflA, or DflhFG DsflA expressing SflA and SflA C , in soft agar plate ( Fig. 2A) . The size of the motility ring of DsflA cells was only slightly reduced compared to that of VIO5, and DflhFG cells exhibited almost no motility as previously described (Kusumoto et al. 2008; Kitaoka et al. 2013) . The DflhFG DsflA cells showed weak but significantly greater motility than DflhFG cells because of the formation of multiple peritrichous flagella (Kitaoka et al. 2013) . Plasmidexpressed, full-length SflA or SflA C resulted in equivalent reduction in the motility ring in DflhFG DsflA cells; their motility rings were significantly smaller than that of DflhFG DsflA cells. These results indicated that both SflA and SflA C could suppress motility of the DflhFG DsflA double mutant to a similar degree.
To examine the amount of flagellar filament in the strains used in Fig. 2A , we carried out an immunoblot analysis of whole cell lysates to detect flagellin, a component of flagellar filament (Fig. 2B ). We detected flagellin bands of the apparent molecular mass of ca. 41 kDa. The amount of flagellin in DsflA cells was the same as that in the wild type (VIO5) (Fig. 2B , lanes 1 & 2), indicating that the DsflA mutant showed similar flagellation to the wild type as described previously (Kitaoka et al. 2013) . Flagellin was barely detected in the DflhFG mutant, which had almost no flagella ( (Fig. 2B , lanes 4-6). These results also suggest that SflA C is comparable to full-length SflA for the repression of the flagellation in DflhFG background.
Fractionation of SflA and SflA C in the cells
We confirmed the expression of SflA and SflA C by immunoblot analysis using anti-His-tag and antiSflA N antibody (Fig. 3) . The estimated molecular masses of SflA and SflAc are ca. 37 and 17 kDa, respectively, and both of constructs with these sizes were detected. SflA, which is a single transmembrane protein, was detected in the insoluble membrane (M) fractions of cells and not in the soluble cytoplasmic fraction (C) (Fig. 3B ), whereas His-SflA C , which lacks the transmembrane domain, was detected in both the cytoplasmic and membrane fractions ( Fig. 3A) and suggested that SflA C interacts with the cell membrane and/or membrane proteins.
Intracellular localization of SflA and its derivatives in the cells
Next, we observed the intracellular localization of fluorescent protein fusions to SflA and SflA C in DsflA Figure 2 (A) Motility assay of mutants. 1. VIO5 (wild type), 2. DsflA, 3. DflhFG, and 4. DflhFG DsflA cells harboring the pTSK29 plasmid vector or 5. DflhFG DsflA cells harboring pTSK29-sflA (SflA), 6. pTSK29-sflA C -his 6 (SflA C ), 7. pTSK29-mCherry-sflA (mCherry-SflA), 8. pYN5-sflA (SflA-GFP), and 9. pTY200-sflA C (GFP-SflA C ) were grown on VPG soft agar plates containing 0.2% (w/v) arabinose at 30°C for 7 h. (B) Immunoblot analysis to detect polar flagella. Whole cell lysates of the strains shown in (A) were subjected to SDS-PAGE followed by the immunoblot using an antipolar flagellum antibody.
and DflhFG DsflA mutant strains (Fig. 4) . When GFP alone was expressed in DsflA or DflhFG DsflA backgrounds, the fluorescent signals were diffuse throughout the cell body (Fig. 4A,B) . The mCherry-SflA fusion localized at the cell poles as a fluorescent dot in both DsflA and DflhFG DsflA backgrounds, although they were more diffuse throughout the cell in the DflhFG DsflA strain compared to DsflA (Fig. 4C,D) . Fluorescent signals from SflA-GFP also localized as polar dots in both DsflA and DflhFG DsflA backgrounds, and were sometimes observed at lateral positions in DflhFG DsflA cells (Fig. 4E,F) . Fluorescent signals from GFP-SflA C were observed at the cell poles and seemed to be more diffused in both the DsflA and DflhFG DsflA cells (Fig. 4G,H) . It is to be noted that mCherry-SflA was fully functional at a similar level to SflA or SflA C in both of motility and flagellation, but SflA-GFP and GFP-SflA C lost repression of flagellation phenotype in DflhFG DsflA cells (Fig. 2B , lane 7-9) although they showed similar fractionation as did SflA and mCherry-SflA (Fig. 3B) . These indicated that GFP fusion variants kept the ability to localize, but lost the regulatory activity for the repression of flagellation.
To understand the relationship between the positions of localized SflA and flagella in cells, we immunostained the polar flagella and the fluorescent images were merged (Fig. 5) . Here we used SflA-GFP, because the expression of functional mCherrySflA in DflhFG DsflA caused loss of flagellation as in DflhFG cells. Interestingly, a fluorescent dot of SflA-GFP was detected at the flagellar basal body, which grew from a lateral position in some of the DflhFG DsflA cells, whereas this was not found in DsflA cells. These results suggest that SflA localizes at the base of flagella regardless of whether they are polar or lateral positions in the cells. It is speculated that SflA localizes to the flagellar basal body and that the cytoplasmic region of SflA regulates flagellation.
Localization of SflA in the hubP mutant
We previously showed that mutation in hubP resulted in an increase in the number of polar flagella (Takekawa et al. 2016) . This phenotype was similar to that of the flhG mutant. We expressed SflA-GFP in DhubP cells (Fig. 6) . SflA-GFP localized to a polar position in wild-type cells (VIO5), whereas it was diffusely distributed in DhubP cells. The amounts of SflA-GFP expressed from the plasmid and SflA expressed from the chromosome were almost equivalent between wild-type and DhubP cells (Fig. 6B) . This indicated that SflA localization at the pole was dependent on the presence of HubP. We also observed the effect of DhubP on cell motility in a soft agar plate (Fig. S1 in Supporting Information). Deletion of hubP from DflhFG DsflA cells reduced motility ring size, presumably because HubP was important for the appropriate localization of a chemoreceptor array (Yamaichi et al. 2012 ) and deletion of hubP might disrupt cell chemotaxis.
Discussion
The spatial and numerical regulation of polar flagella has been shown to be governed by FlhF and FlhG in V. alginolyticus (Kusumoto et al. 2008; Ono et al. 2015) . In the absence of both FlhF and FlhG, few cells generate flagella, and most of the flagellar genes are repressed, mainly because of the loss of FlhF as a positive transcriptional regulator. Previously, we showed that SflA inhibited the generation of flagella (A) (B) Figure 3 Fractionation of SflA and its variants. The DflhFG DsflA cells harboring pTSK29-sflA C (SflA C ), pTSK29-sflA (SflA), pTSK29-mCherry-sflA (mCherry-SflA), or pYN5-sflA (SflA-GFP) were disrupted by sonication and fractionated into cytoplasmic (supernatant) and membrane (precipitant) fractions by ultracentrifugation. Samples were subjected to SDS-PAGE, and immunoblot was carried out using anti-His-tag antibody (A) or anti-SflA N antibody (B). (W, whole cell lysate; S, sonicated fraction; C, cytoplasmic fraction; M, membrane fraction).
Genes to Cells (2017) 22, 619-627 at lateral positions in the cell when FlhF and FlhG were absent, implying that the effects of FlhF/FlhG on flagellar regulation were dominant over that of SflA. Recently, we showed that the DhubP mutant exhibited a multipolar flagellar phenotype similar to that of the flhG mutant, although the flagella were fewer in number than in the flhG mutant (Takekawa et al. 2016) . In this study, we investigated the subcellular localization of SflA and the functional importance of its C-terminal cytoplasmic region (SflA C ). We found that the majority of SflA localized to the pole in the presence of both FlhF and FlhG, but was more dispersed on the cell surface when FlhF and FlhG were absent (Fig. 4) . We also found that overproduction of the SflA C in strain DflhFG DsflA inhibited motility in a soft agar plate to a degree similar to that of full-length SflA, indicating that SflA C was essential for SflA function. As SflA was observed at the flagellar base and SflA C was found in the insoluble membrane fraction, SflA C might interact with a flagellar basal body protein(s) located in the inner membrane. Our data indicate that SflA inhibits flagellar biosynthesis.
When we compared the functional complementation of mCherry-SflA and SflA-GFP in DflhFG DsflA cells, only mCherry-SflA functionally suppressed the effect of DsflA, whereas SflA-GFP did not. We have shown that C-terminal region of SflA is important for the repression of flagellation (Kitaoka et al. 2013) , thus the GFP fusion might have disrupted the regulatory function of SflA. In contrast, SflA-GFP maintained its ability to localize to the cell pole and flagellar basal body, suggesting that C-terminal region was important for the repression of flagellation by SflA, and that the critical region for the SflA assembly at the flagellar basal body might be distinct from the region involved in regulation. SflA C had the ability to functionally complement DflhFG DsflA cells, but GFP-SflA C lost that ability. In addition, GFP-SflA C lost its ability to localize to the flagellar basal body. This indicated that the N-terminal region of SflA C , which begins from Lys209, might be important for the assembly of SflA C at the flagellar basal body and that fusion of GFP to this region might have disrupted its ability to interact with basal body proteins. We speculate that a J-domain (also referred as the DnaJ-domain) at SflA C is involved in the interaction to localize at the base of flagellar basal body.
We found that the polar localization of SflA-GFP was dependent on HubP, which has been identified as a polar landmark protein and is involved in chromosome partitioning and chemoreceptor positioning (Yamaichi et al. 2012; Rossmann et al. 2015; Takekawa et al. 2016) . HubP is a single transmembrane large protein of ca. 160 kDa (for V. cholerae), whose N-and C-termini are similar to those of FimV, a positive regulator for the formation of a type IV pilus (Semmler et al. 2000; Wehbi et al. 2011) . HubP has an N-terminal periplasmic peptidoglycan-binding motif (LysM) and a large cytoplasmic region. Recently, we showed that HubP strongly affected the number of flagella, and proposed a novel model with HubP involved in the regulation of flagellar number, in addition to FlhF and FlhG, in V. alginolyticus (Takekawa et al. 2016) . Here, we showed that SflA (Fig. 7) . Flagellar assembly is initiated at the position where the putative initiation factor (denoted as X) is located, and this initiation factor X is recruited to the cell pole by the FlhF/FlhG and HubP system. FlhG is a negative factor in the initiation of flagellar formation. SflA negatively affects initiation factor X in flagellar biosynthesis, and FlhF is dominant in flagellation over SflA and can void the function of SflA. Factor X may be distributed throughout the cell membrane; however, in the presence of FlhF, it is recruited or activated to specifically form a single flagellum at the cell pole. When SflA is absent, in addition to loss of the FlhF/FlhG system, inhibition of flagellation is released and flagella are formed at lateral positions in the cell. As SflA C is sufficient to exhibit the function of the entire protein, we speculate that SflA C interacts with factor X. To test this hypothesis, further efforts to identify the protein target of SflA are required.
Experimental procedures

Bacterial strains and growth conditions
Bacterial strains used in this study are summarized in Table 1 . The hubP deletion mutants were generated from the LPN2 (DflhFG) and LPN4 (DflhFG DsflA) strains by homologous recombination with the DhubP sequence as previously described (Takekawa et al. 2016) to generate NMB316 and NMB317. V. alginolyticus cells were grown with shaking at 30°C in VC medium (0.5% [wt/vol] ] NaCl). When necessary, the following antibiotics were used: chloramphenicol (2.5 lg/mL for V. alginolyticus or 25 lg/ mL for E. coli) and 100 lg/mL ampicillin for E. coli.
Plasmid construction
Plasmids used in this study are listed in Table 1 . Routine DNA manipulations were carried out according to standard procedures. To express sflA or sflA C -His 6 of V. alginolyticus from a plasmid, the gene was inserted into the arabinose-inducible vector pTSK29, which is a pBAD33-based plasmid with its multicloning site replaced with that of pBAD24 and NdeI site replaced with NcoI site. For the expression of GFP-fused SflA and SflA C , the corresponding open reading frame encoding fulllength SflA or its C-terminal fragment was inserted into the arabinose-inducible vector pTY200 and pYN5, respectively. The Genes to Cells (2017) 22, 619-627 pTY200 and pYN5 vectors were used for the N-terminal or C-terminal GFP fusion to SflA, respectively, and the resulting plasmids encoded SflA-GFP-His 6 and His 6 -GFP-SflA C . mCherry-fused SflA was constructed by inserting the PCR fragment of the mCherry gene amplified from pmCherry into the signal cleavage site of sflA in the plasmid pTSK29-sflA by a previously described method (Li et al. 2011) . Nucleotide sequences of all the constructs were confirmed by DNA sequencing.
Transformation of V. alginolyticus
Vibrio alginolyticus was transformed with plasmid by electroporation with the protocol developed by Kawagishi et al. (1994) . The cells were subjected to an osmotic shock, followed by a thorough washing with 20 mM MgSO 4 . Electroporation was carried out with the manufacturer's instructions, using a Gene Pulser electroporation apparatus (Japan Bio-Rad Laboratories, Tokyo, Japan) with an electric field strength of 5.0-7.5 kV/cm.
Motility assay in soft agar plates
Two microliters of overnight cultures of V. alginolyticus in VC medium was spotted onto VPG soft agar plates (VPG containing 0.25% [wt/vol] bactoagar) containing 0.2% arabinose and incubated at 30°C for 7 or 4.5 h.
Fractionation of cells
Overnight cultures of V. alginolyticus cells in VC medium were diluted to 1 : 100 in VPG medium and cultured with shaking at 30°C for 4 h. Cells were collected and suspended in V buffer (50 mM Tris-HCl [pH 7.5], 5 mM MgCl 2 , 300 mM NaCl), then sonicated to disrupt cells. Unbroken cells are removed by centrifugation (3400 g) for 5 min, and the supernatant (sonicated fraction, shown as 'S') was ultracentrifuged (112 000 g) for 30 min. The pellet was resuspended in the same volume as that of the supernatant (cytoplasmic fraction, 'C') to prepare the membrane fraction ('M'). Whole cell lysates ('W') and the sonicated, cytoplasmic, and membrane fractions were suspended in sodium dodecyl sulfate (SDS) loading buffer and analyzed by immunoblot analysis as follows.
Immunoblot analysis
Overnight cultures of V. alginolyticus in VC medium were diluted to 1 : 100 in VPG medium and cultured with shaking at 30°C for 4 h. Cells were harvested by centrifugation, resuspended in SDS loading buffer (0. , and boiled at 95°C for 5 min. Samples were subjected to SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblot analysis using antipolar flagellum (Koike et al. 2011) , anti-His-tag (Medical & Biological Laboratories Co., Ltd., Nagoya, Japan), and anti-SflA N antibodies (Kitaoka et al. 2013) , respectively.
Fluorescence microscopy
Overnight cultures of V. alginolyticus cells harboring a plasmid (either pTSK29-mCherry-sflA, pYN5-sflA, or pTY200-sflA C ) in VC medium were diluted to 1 : 100 in VPG medium and then incubated at 30°C for 4 h. Fluorescent fusion proteins were induced by the appropriate arabinose concentrations added at the beginning of the second culture: 0.006% [wt/vol] for pYN5-sflA, 0.02% [wt/vol] for pTY200 and pTY200-sflA C , and 0.2%[wt/vol] for pTSK29-mCherry-sflA. Bacterial cells were harvested by centrifugation and resuspended in TMN500 buffer (50 mM Tris-HCl [pH 7.5], 5 mM MgCl 2 , 500 mM NaCl, 5 mM glucose). Fluorescence microscopy was carried out with a 'tunnel slide', which is a homemade flow chamber in which a coverslip is attached to the slide glass with double-sided tape. Next, 0.1% [w/v] poly-L-lysine was loaded into a tunnel slide, and after 1 min, the tunnel slide was washed twice with TMN500 buffer. Cell cultures were applied to tunnel slides, and then, the tunnel slides were turned upside down and incubated for 1 min to allow cells to adhere to the coverslip. The tunnel slides were washed with TMN500 buffer and observed under a BX-50 microscope (Olympus, Tokyo, Japan) equipped with a 100-W high-pressure mercury lamp (BH2-RFL-T3; Olympus). In the case of staining polar flagella, cells were treated as follows. TMN500 buffer containing antiserum raised against the polar flagellum (Yorimitsu et al. 2003) was applied to the tunnel slide. After 5 min of incubation, the tunnel slide was washed with TMN500 buffer, and then, TMN500 buffer containing rhodamine-conjugated anti-rabbit IgG antibody was applied. After 5 min of incubation, the tunnel slide was washed with TMN500 buffer and then observed under the microscope.
The images were recorded and processed using a chargecoupled device (CCD) camera (ORCA-Flash4.0; Hamamatsu Photonics) and imaging software (High Speed Recording Software; Hamamatsu Photonics, and Adobe Photoshop; Adobe Systems Incorporated, San Jose, CA, USA).
